Planar cell polarity (PCP) proteins are implicated in a variety of morphogenetic processes including embryonic cell migration and potentially cancer progression. During zebrafish gastrulation, the transmembrane protein Vang-like 2 (VANGL2) is required for PCP and directed cell migration. These cell behaviors occur in the context of a fibrillar extracellular matrix (ECM). While it is thought that interactions with the ECM regulate cell migration, it is unclear how PCP proteins such as VANGL2 influence these events. Using an in vitro cell culture model system, we previously showed that human VANGL2 negatively regulates membrane type-1 matrix metalloproteinase (MMP14) and activation of secreted matrix metalloproteinase 2 (MMP2). Here, we investigated the functional relationship between VANGL2, integrin αvβ3, and MMP2 activation. We provide evidence that VANGL2 regulates cell surface integrin αvβ3 expression and adhesion to fibronectin, laminin, and vitronectin. Inhibition of MMP14/MMP2 activity suppressed the cell adhesion defect in VANGL2 knockdown cells. Furthermore, our data show that MMP14 and integrin αv are required for increased proteolysis by VANGL2 knockdown cells. Lastly, we have identified integrin αvβ3 as a novel VANGL2 binding partner. Together, these findings begin to dissect the molecular underpinnings of how VANGL2 regulates MMP activity and cell adhesion to the ECM.
Introduction
Planar cell polarity (PCP) refers to the polarized organization of cellular structures, such as actin, in relation to the plane of a tissue [1] . This concept was originally used to describe the polarization of cuticular structures of the insect epidermis [2] . In the fly, a highly conserved core module of six PCP proteins was identified and shown to regulate PCP in multiple epithelial tissues including the wing and eye [1] . The core PCP genes are van gogh, prickle, dishevelled, frizzled, flamingo, and diego [3] [4] [5] . The vertebrate van gogh ortholog, vang-like 2 (vangl2), was first identified in 2001 when it was found to be the genetic defect in Loop-tail mouse mutants [6, 7] . Here, recessive mutations in vangl2 result in severe neural tube defects associated with abnormal morphogenesis of the floor plate neuroectoderm [6, 7] . Humans with mutations in VANGL1 or VANGL2 also develop neural tube closure defects [8] . Accumulating data also suggest a role for VANGL proteins during tumor progression and invasion [9, 10] . In zebrafish, vangl2 was identified as the defective gene in trilobite mutant embryos noted for having a strong convergence and extension gastrulation phenotype [11, 12] . Underlying convergence and extension of embryonic tissues are a variety of cell behaviors including directed migration and mediolateral intercalation [13] [14] [15] . Loss of Vangl2 protein function in trilobite mutant embryos produces rounder cells that migrate dorsally along indirect or meandering trajectories [11] . Zebrafish gastrulation cell movements occur in the context of a fibrillar extracellular matrix (ECM) network [16] . Knockdown of zebrafish fibronectin using antisense morpholino oligonucleotides produces a convergence and extension phenotype similar to, but weaker than, the vangl2/trilobite mutant phenotype [16] . Data from the frog gastrula have demonstrated that an intact fibronectin ECM is necessary for the formation of polarized membrane protrusions that drive mediolateral cell intercalation [17] . However, despite the long recognized role for fibronectin during vertebrate gastrulation [18] [19] [20] , the functional relationship between the ECM and PCP proteins such as VANGL2 is unclear.
Previously, we provided evidence that fibronectin is a substrate for membrane type-1 matrix metalloproteinase (Mmp14) in the zebrafish gastrula [16, 21] . Matrix metalloproteinases (MMPs) cleave ECM substrates to control a variety of processes including cell adhesion, migration, and invasion [22] . Our work identified Mmp14 as a regulator of PCP during gastrulation [23] and we showed that similar to vangl2, mmp14 also exhibits a strong genetic interaction with glypican4 [23, 24] . Glypican4 is a cell-surface proteoglycan thought to function as the coreceptor for Wnt11/Wnt5b-dependent non-canonical PCP signaling [25] [26] [27] . These developmental studies did not provide evidence for a mechanistic relationship between zebrafish Vangl2 and MMP-dependent proteolysis of ECM proteins. Using human HT-1080 fibrosarcoma cells (a fibroblast-like cell type that expresses PCP proteins and exhibits a high level of MMP14/MMP2-dependent invasiveness [28] ), we showed that human VANGL2 regulates MMP14 and activation of the secreted MMP2 zymogen [29, 30] . MMP2 activation is initiated at the cell surface by MMP14 cleavage of the 68 kDa pro-enzyme to produce a 64 kDa intermediate form of MMP2 followed by autocatalysis and production of the 62 kDa mature enzyme [31] [32] [33] . Our results demonstrated that siRNA-mediated knockdown of human VANGL2 increases MMP2 activation and cleavage of ECM substrates [29, 34] suggesting that the normal function of VANGL2 is to inhibit or restrict MMP2 activity. Significantly, these data were relevant to zebrafish embryonic development. We found that vangl2/trilobite mutant embryos have decreased levels of fibronectin protein due to increased MMP proteolytic activity [30] . Moreover, injection of mmp14 antisense morpholinos into vangl2/trilobite mutant embryos partially suppresses the convergence and extension phenotype [30] . Notably, our data from HT-1080 cells also showed that loss of VANGL2 function both increases the number of invadopodia membrane protrusions and decreases the number of paxillin positive focal adhesions [30, 34] . The ability of VANGL2 to impact these events suggests that one function of this transmembrane PCP protein might be to regulate cell-ECM interactions underlying processes such as adhesion and membrane protrusive activity. Yet, it remains unknown molecularly how VANGL2 function influences MMP2 activity and whether this actually affects cell adhesion to ECM proteins.
It is thought that proteolytic cleavage of proteins such as fibronectin by MMP14 or MMP2 alters cellular interactions with the ECM and subsequently behaviors like migration [35, 36] . Integrins are key regulators of cell adhesion to the ECM and play important roles during assembly of fibrillar ECM proteins [37] . Integrins themselves can also influence the activation of secreted MMP2 [38, 39] . The integrin αvβ3 heterodimer in particular was shown to physically interact with MMP14 and MMP2 [40] [41] [42] . The concept that integrins and MMP14 can cooperate to increase MMP2 activation provides an attractive mechanism to regulate cell-ECM interactions underlying cell polarity and migration. Therefore, we hypothesized that VANGL2's ability to regulate MMP2 activation and ECM protein cleavage might somehow involve or require integrin αvβ3. In this report, we used HT-1080 cells to examine the functional relationship between human VANGL2, integrin αvβ3, and MMP2 activation. Our data show that VANGL2-dependent regulation of MMP14/MMP2 activity and cell surface integrin αvβ3 expression influence cell adhesion to the ECM. The ability of VANGL2 to regulate MMP2 activation requires both integrin αv and MMP14. We further show that integrin αvβ3 is a novel VANGL2 binding partner. Together, our results support a model whereby VANGL2 acts to inhibit or limit MMP2 proteolytic activity while promoting integrin mediated cell-ECM adhesion.
Materials and methods

Cell culture and MMP inhibition
Human fibrosarcoma HT-1080 cells were obtained from the American Type Culture Collection (Manassas, VA, USA) and used throughout this study (cells were only used below passage 25). Cells were cultured in DMEM media (4.5 g/L glucose, L-glutamine, and sodium pyruvate) containing 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO) and antibiotics (100 units/mL penicillin G sodium and 100 μg/mL streptomycin). Cells were incubated at 37°C in the presence of 5% CO 2 . MMP inhibition was achieved by incubating cells 48 h in 10 μM of the broad-spectrum MMP inhibitor GM6001 (EMD Millipore, Billerica, MA).
siRNA transfection and knockdown
Cells were seeded overnight in 6-or 12-well plates and transfected at 40-50% confluence DharmaFECT 4 lipid reagent (GE Dharmacon, Lafayette, CO). The siRNA pools were used at 100 nM while the single siRNAs were used at 25 nM. The following siRNAs were used in this study: Dharmacon human VANGL2 (L-010581) and integrin αv (L-004565) ON-TARGETplus SMARTpool siRNA, Dharmacon human integrin αv single siRNAs (J-004565-08 and J-004565-10), Ambion (Thermo Fisher Scientific, Waltham, MA) human MMP14 Silencer (ID#104074) and Silencer Select (ID#s8877) siRNA, and Dharmacon Non-Targeting #2 ON-TARGETplus SMARTpool Control siRNA (D-001810). For all siRNA experiments, cells were transfected for 4 days and protein knockdown was confirmed using western blot (see below for procedure and antibodies). The MMP14 Silencer siRNA (see Supplementary Fig. 1 ) and the integrin αv siRNA pool (see Supplementary Fig. 2 ) were used throughout this study.
Plasmid DNA transfection and overexpression
Expression plasmids containing full length human VANGL2 and the control plasmids were used in this study. For the adhesions assays, VANGL2/pcDNA3 was used and for co-immunoprecipitation experiments, GFP-VANGL2/pCS2 was used. The control plasmids were pcDNA3 and pEGFPN1. Cells were seeded in 6-or 12-well plates and transfected at 80-90% confluence using Lipofectamine 3000 reagent (Thermo Fisher Scientific) following the manufacturer's instructions. For all plasmid overexpression experiments, cells were transfected for 48 h and protein expression was verified using western blot (see below for procedure and antibodies).
Co-immunoprecipitation and antibodies
Cells used for co-immunoprecipitation experiments had their proteins extracted using a Tris lysis buffer (50 mM Tris-HCL, 150 mM NaCl, 0.1% Triton-X, pH 7.5) and protein concentrations were determined using the BCA assay. Lysates at a concentration of 200-300 μg were treated or untreated with 3-10 μg of antibodies [integrin αvβ3 (MAB1976), EMD Millipore; VANGL2 (21492-1-AP), Proteintech, Rosemont, IL. Lysates were incubated with antibodies for 2 h at 4°C then added to prepared protein G magnetic beads (Thermo Fisher Scientific) or anti-GFP mAb-magnetic beads (Medical & Biological Laboratories CO., LTD, Nagoya, Japan). Beads and lysates were incubated overnight at 4°C with rotation. Beads were washed with Tris lysis buffer and then denatured using Laemmli sample buffer containing β-mercaptoethanol at 95°C for 6 min.
Western blot and antibodies
Protein obtained from co-immunoprecipitation experiments and whole-cell lysates were separated by 10% SDS-PAGE under reducing conditions and transferred to nitrocellulose or PVDF membranes using a Trans-Blot Turbo (Bio-Rad, Hercules, CA). Non-specific binding to membranes was blocked with TBS-Tween (50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Tween-20) containing 0-5% non-fat milk depending on the antibody used and membranes were incubated overnight at 4°C with primary antibody in block solution. Membranes were then incubated with peroxidase-conjugated affinity-purified donkey anti-rabbit, antimouse, or anti-rat secondary antibodies (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). TrueBlot anti-rabbit or anti-mouse IgG HRP secondary antibodies (Rockland Antibodies & Assays, Limerick, PA) were used for certain western blots. Blots were developed using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) and imaged using a UVP GelDoc-It Imaging System (Upland, CA). In each experiment blots were stripped at room temperature for 15 min using 25 mM glycine and 1% SDS (pH 2.0) and reprobed using a GAPDH antibody. 
ECM adhesion assays
Millicoat Cell Adhesion Strips pre-coated with human fibronectin (ECM101), human laminin (ECM103), or human vitronectin (ECM102) were reconstituted with room temperature calcium and magnesium free PBS (pH 7.4) 15 min prior to use as directed by the manufacturer (EMD Millipore). Next, the strips were seeded with~5 × 10 5 cells per well.
Cells used in this assay were detached from their multiwell plates using a non-enzymatic cell dissociation buffer and were suspended in serumfree DMEM containing 10 mM CaCl 2 and 10 mM MgCl 2. Cells were allowed to adhere to the strips for 1 h in a 37°C incubator with 5% CO 2 .
The strips were then washed with room temperature PBS containing calcium and magnesium and stained with 0.2% crystal violet solution.
The stain was solubilized using 0.1 M NaH 2 PO 4 solubilization buffer and absorbance determined at 560 nm using a microplate reader.
Gelatin zymography
Cells were seeded in 12-well plates and transfected with siRNAs as described above. On day 3 post-transfection the cells were washed twice using 37°C pre-warmed PBS and 230 μl of serum free DMEM was added to each well followed by an additional 24 h incubation period. The media was removed from the wells and centrifuged briefly to remove cell debris. The supernatant was mixed 1:1 with Novex 2X TrisGlycine SDS Sample Buffer (Thermo Fisher Scientific) and incubated for 5 min at room temperature. Samples were run on Novex 10% Zymogram Gels (EC6175, Thermo Fisher Scientific). Gels were washed for 30 min each in Novex Renaturing Buffer and Novex Developing Buffer with an additional overnight incubation at 37°C in fresh developing buffer. Gels were rinsed with distilled water three times for 10 min each and developed using Novex SimplyBlue Safestain.
Biotinylation
Cell were seeded in 6-well plates and transfected with siRNAs as described above. On day 4 post-transfection, the cell surface proteins were labeled with biotin as previously described [43] . Briefly, the cells were washed with ice-cold SBS (Sorensen Buffer: 14.7 mM KH 2 PO 4 , 2 mM Na 2 HPO 4 , and 120 mM Sorbitol, pH 7.8) and then incubated for 15 min. The SBS was removed and replaced with 1 mg/mL EZ-Link Sulfo-NHS-LC-Biotin (Thermo Fisher Scientific) and the plates were incubated for 10 min followed by two washes with SBS. Non-biotinylated controls were also performed. Next, SBS containing 100 mM glycine was added to the wells and the plates incubated for 20 min followed by three more washes with SBS. The samples were kept on ice throughout the entire procedure. Protein was solubilized using RIPA lysis buffer containing a protease inhibitor cocktail and quantified using the BCA assay. Streptavidin M-280 Dynabeads (Thermo Fisher Scientific) were used as directed by the manufacturer to bind biotinylated proteins in whole cell lysates. The proteins were denatured using Laemmli sample buffer containing β-mercaptoethanol at 95°C for 5 min.
Fluorescent gelatin degradation
For fluorescent gelatin degradation, the QCM Gelatin Invadopodia Assay (ECM670, Thermo Fisher Scientific) was used following the manufacturer's instructions. Here, cells were transfected for 3 days with NT, VANGL2, integrin αv, or integrin αv/VANGL2 siRNA prior to seeding on the chamber slides for an overnight incubation. Cells were labeled with phalloidin and DAPI as instructed. Images were taken at 40x magnification. Individual degradation foci were manually counted from each image using ImageJ software and averaged. When multiple foci contacted each other to form larger amorphous degradation spots they were counted as a single foci.
Statistical analysis and data presentation
All experimental groups were treated equally and quantified using blind analysis. Each experiment was repeated 3-5 times in duplicate, triplicate, or more. Densitometry was performed on western blots using UVP Visionworks software. For western blots, the experimental bands were normalized using GAPDH as a control. Graphing and statistical analyses were performed using Prism 6. The two-tailed unpaired Student's t-test was used for statistical analysis on all data sets. Graphical data shown are the mean values with standard deviations. The standard deviation for control samples was obtained by dividing individual control values by the average of the sum of all control values acquired for each experiment. Except for Fig. 6G and H, graphical results are expressed as percent of control. These numbers were obtained by dividing the individual experimental values by the average of the control values and multiplying by one hundred. Western blot and fluorescent images shown are representative of the entire experiment.
Results
VANGL2 regulates cell adhesion to ECM proteins
Our previous work demonstrated that loss of VANGL2 function in HT-1080 cells results in increased MMP14/MMP2 enzymatic activity, ECM cleavage, and cell invasion [29, 30, 34] . Our limited data suggested that VANGL2 might affect MMP activity at sites of cell-ECM interactions including focal adhesions and invadopodia [30, 34] . To determine whether VANGL2 is specifically required for cell adhesion to the ECM, we performed adhesion assays using fibronectin, laminin, and vitronectin. These ECM proteins were chosen because they bind integrin αvβ3. For all VANGL2 knockdown experiments in this study we used a previously validated ON-TARGETplus SMARTpool of siRNA [29, 30, 34] . After using siRNA to knockdown VANGL2 expression (Fig. 1A) , HT-1080 cells were plated 1 h on well plates pre-coated with the different ECM proteins. Adherent cells were stained with crystal violet and quantified using a spectrophotometer. Compared to control siRNA transfected cells, VANGL2 knockdown cells exhibited reduced adhesion to all three ECM proteins (Fig. 1B) . These results suggest that VANGL2 can function to promote cell adhesion to the ECM. To determine whether indeed overexpression of VANGL2 protein promotes cell-ECM adhesion, HT-1080 cells were transfected with control vector or pcDNA3 containing the human VANGL2 gene. First, we confirmed that our transfection procedure resulted in increased VANGL2 protein expression compared to control cells (Fig. 1C) . Next, adhesion assays to vitronectin, the major integrin αvβ3 binding partner, were performed as described above. Our data show that an increase in VANGL2 protein expression promotes cell adhesion to vitronectin (Fig. 1D) . Together, these data demonstrate that changes in VANGL2 protein expression levels can regulate cell adhesion to certain ECM proteins.
Loss of VANGL2 affects cell surface integrin αvβ3 expression
Our observation that VANGL2 is required for proper cell adhesion to fibronectin, laminin, and vitronectin suggested that VANGL2 might regulate the expression of integrin αvβ3 receptors. We first quantified total and cell surface integrin αvβ3 protein expression in control and VANGL2 siRNA transfected cells. Integrin α5β1 was included in these experiments for comparison because it can also function as a receptor for fibronectin and laminin. To assess cell surface protein expression, cells were first biotinylated and biotin-labeled proteins were recovered using magnetic streptavidin beads. The expression of individual integrin proteins was quantified from western blots using densitometry and normalization to GAPDH. The data show a reduction in the cell surface levels of both integrin αv and integrin β3 ( Fig. 2A-D) but not integrin α5β1 (Fig. 2E-H) . By contrast, loss of VANGL2 function had less of an effect on the total protein levels of either integrin αvβ3 or integrin α5β1 ( Fig. 2A-H) . These results suggest that VANGL2, either directly or indirectly, influences the quantity of plasma membrane associated integrin αvβ3.
Loss of VANGL2 does not significantly influence SRC activation or paxillin phosphorylation
Outside-in integrin signaling pathways can be triggered by ECM components and growth factors in the extracellular environment. The reduction in cell surface integrin αvβ3 expression in VANGL2 knockdown cells suggests a reduced capacity to stimulate such pathways. However, our previous work suggested that VANGL2 might promote integrin signaling as indicated by increased focal adhesion kinase (FAK; also called PTK2) phosphorylation at tyrosine 397 (Y397) and a decreased number of paxillin-positive focal adhesions in VANGL2 knockdown cells [30] . To address this further, we assessed both SRC activation and phosphorylation of paxillin. SRC is recruited to phosphorylated Y397 FAK at focal adhesions where it phosphorylates several proteins including paxillin (Y118) [44] [45] [46] . FAK also phosphorylates paxillin [47, 48] . Paxillin is a focal adhesion-associated cytoplasmic protein whose phosphorylation influences both the assembly and turnover of focal adhesions [49] . To assess SRC activation, we used antibodies that recognize both the phosphorylated and non-phosphorylated forms of SRC at positions Y416 and Y527. SRC auto-phosphorylation at Y416 is required for full activation while phosphorylation at Y527 produces a closed protein conformation and kinase inhibition [50] [51] [52] . Compared to controls, VANGL2 siRNA transfected cells had minimal differences in the levels of phosphorylated Y416 SRC (p value = 0.1744) and phosphorylated Y527 SRC (p value = 0.1010) (Fig. 3A,B) . We next quantified the levels of phosphorylated Y118 and total paxillin in control and VANGL2 knockdown cells. Here, loss of VANGL2 function caused a marginal increase in the level of phosphorylated paxillin (p value = 0.0671) (Fig. 3C,D) . Because the above results were not significantly different compared to the controls (when rejecting the H 0 at p > 0.05), we conclude that VANGL2 knockdown has little to no impact on SRC activation and paxillin Y118 phosphorylation. Further data are needed to determine how VANGL2 function regulates FAK and the turnover of focal adhesions.
Inhibition of MMP14/MMP2 activity rescues ECM adhesion in VANGL2 knockdown cells
Our data support the notion that VANGL2 function is required for normal cell-ECM adhesion (Fig. 1) and we have shown that VANGL2 protein knockdown disrupts cell surface integrin αvβ3 expression ( Fig. 2A-D) . However, it is unclear whether loss of adhesion in VANGL2 knockdown cells is due primarily to reduced integrin expression or increased MMP activity, or if these two events are related. To determine the contribution of MMP proteolytic activity to the ECM adhesion phenotype of VANGL2 knockdown cells, we first used the broad-spectrum MMP inhibitor GM6001 (also called galardin or ilomastat) [53] . GM6001 inhibits several MMPs having inhibitory constants in the nanomolar range for MMP1, MMP2, MMP3, MMP7, MMP8, MMP9, MMP12, MMP14, and MMP26 [53] . Applied at 10 µm, this drug prevents increased MMP2 activation in VANGL2 knockdown cells as indicated by gelatin zymography (Fig. 4A) . After GM6001 treatment, ECM adhesion assays were performed as described above. The data show that inhibition of MMP activity in VANGL2 knockdown cells rescued the ECM adhesion phenotype to both fibronectin and vitronectin ( Fig. 4B,C ; laminin was not tested). Because MMP14 is the primary protein responsible for cleavage and activation of the secreted MMP2 zymogen [31] [32] [33] , it follows that increased MMP2 activation in VANGL2 knockdown cells requires MMP14. First, we confirmed the specificity of two MMP14 siRNAs by comparing their ability to reduce MMP14 protein expression and inhibit MMP2 activation ( Fig. 5A and Supplementary Fig. 1 ). Next, we used a combination of VANGL2 and MMP14 siRNAs and gelatin zymography to assess MMP2 activation in knockdown cells. Our findings show that indeed MMP14 knockdown completely inhibited production of the intermediate (64 kDa) and mature (62 kDa) forms of MMP2 in VANGL2 siRNA transfected cells (Fig. 5B) . With this data in hand, we next determined whether, similar to GM6001 drug treatment, MMP14 knockdown could rescue the VANGL2 reduced cell-ECM adhesion phenotype. The results show that unlike VANGL2 knockdown cells, HT-1080 cells co-transfected with both VANGL2 and MMP14 siRNAs exhibited adhesion to fibronectin and vitronectin comparable to controls (Fig. 5C,D) . Notably, when transfected with MMP14 siRNA, we observed that these cells had increased cell-ECM adhesion compared to controls. This result is consistent with data showing that MMP enzymatic activity is negatively correlated with cell-ECM adhesion [36, 40] and could be due to an increased amount of ECM available for binding to the MMP14 siRNA treated cells. However, it is also possible that reduced MMP14 activity and/or increased ECM regulate the cell surface expression of integrin αv [35] . Therefore, we performed biotinylation experiments to compare how MMP14 and VANGL2/MMP14 knockdown affect cell surface and total integrin αvβ3 protein levels. The data show that MMP14 siRNA transfected cells had significantly more integrin αv than control cells, but close to normal levels of integrin β3 (Fig. 5E-H) . By contrast, VANGL2/MMP14 double knockdown cells had normal expression of both integrin αv and integrin β3 (Fig. 5E-H) . These data show that VANGL2-dependent regulation of cell surface integrin αv expression correlates with cell-ECM adhesion. Whether VANGL2 function impacts 
(A, B) integrin αv (ITGAV). (C, D) integrin β3 (ITGB3). (E, F) integrin α5 (ITGA5). (G, H) integrin β1 (ITGB1)
. The numbers 1, 2, and 3 on each blot represent results from an experiment performed in triplicate. Significant differences are marked as follows: *p < 0.05; ***p < 0.0001. integrin expression directly or through effects on MMP14/MMP2 proteolytic activity and ECM cleavage is unclear.
VANGL2-dependent regulation of MMP2 activity requires integrin αv
It has been established that integrin αvβ3 is also a regulator of MMP14 and MMP2 activation in multiple cell types [54, 55] . Therefore, we tested whether integrin αv is required for the MMP2 activation phenotype in VANGL2 knockdown cells. The integrin αv siRNAs were validated by protein knockdown and inhibition of cell adhesion to vitronectin ( Fig. 6A and Supplementary Fig. 2) . Gelatin zymography was then used to assess MMP2 activation in single and VANGL2/integrin αv double siRNA transfected cells. Our results show that reduction of integrin αv protein expression suppressed MMP2 activation in VANGL2 knockdown cells as indicated by both a decrease in the amount of 62 kDa mature enzyme and a concomitant increase in the level of 68 kDa pro-enzyme (Fig. 6B) . From our previous work, we know that VANGL2 regulates the formation and degradative capacity of invadopodia [34] . Therefore, to corroborate the zymography data at the cellular level, we tested whether integrin αv knockdown would suppress the proteolytic activity of VANGL2 knockdown cells plated on fluorescently labeled gelatin. We compared control, integrin αv, and VANGL2 siRNA transfected cells with VANGL2/integrin αv double knockdown cells. The data show that while VANGL2 knockdown alone significantly increases the number of degradation foci produced by HT-1080 cells, knockdown of both VANGL2 and integrin αv resulted in focal degradation of gelatin similar to control cells (Fig. 6C-H ). These data demonstrate that integrin αv is required for VANGL2 to influence MMP2 activation.
Integrin αv regulates cell surface MMP14 expression
How might integrin αv regulate MMP2 activation in HT-1080 cells? It is thought that integrin αvβ3 binding of ECM proteins can control the internalization of cell surface MMP14 [42] . Therefore, we hypothesized that integrin αv expression is required for maintenance of MMP14 expression at the plasma membrane. To determine this, we used western blot to assess both total and cell surface levels of MMP14 in control and integrin αv siRNA transfected cells. As in Fig. 2 , biotin-labeled cell surface proteins were recovered using magnetic streptavidin beads prior to MMP14 western blot analysis. Our results show that integrin αv knockdown causes a modest reduction in cell surface but not total MMP14 protein expression (Fig. 7A,B) . These findings suggest that in HT-1080 cells integrin αv function maintains cell surface MMP14 expression perhaps by inhibiting its internalization. Our previous data suggested that VANGL2 function promotes endocytosis of MMP14 [30] ; therefore, integrin αv and VANGL2 have opposing effects on the expression of plasma membrane MMP14.
VANGL2 binds integrin αvβ3
Integrin αvβ3 is a known binding partner for MMP14 and a regulator of MMP2 activation [40] [41] [42] . Since our data show that integrin αv is required for VANGL2-dependent regulation of MMP2, we tested whether integrin αvβ3 is also a VANGL2 binding partner. In these experiments, we used co-immunoprecipitation methods to detect interactions between 1) the endogenously expressed integrin αv and integrin β3 proteins and transfected VANGL2, 2) the endogenous integrin αvβ3 heterodimer and transfected VANGL2, and 3) the endogenous integrin αv and endogenous VANGL2 proteins. First, we overexpressed a GFP-VANGL2 expression plasmid in HT-1080 cells and performed co-immunoprecipitation experiments using anti-GFP mAb-magnetic beads (see Supplementary Fig. 3 for further bead validation) . Under these conditions we consistently precipitated a band corresponding to endogenous integrin αv (Fig. 8A ). We were unable to detect an interaction between transfected GFP-VANGL2 and endogenous integrin β3 (Fig. 8A) . Next, using a validated integrin αvβ3 antibody that recognizes the endogenously expressed heterodimer protein (Fig. 8B ), we were able to co-immunoprecipitate GFP-VANGL2 (Fig. 8C) . Last, we asked whether the endogenous VANGL2 and integrin αv proteins formed a complex. We confirmed that VANGL2 protein could be precipitated from HT-1080 cells using an antibody recognizing the VANGL2 C-terminal cytoplasmic domain (Fig. 8D) . We then found that this VANGL2 antibody could indeed precipitate endogenous integrin αv protein (Fig. 8D) . The above results suggest that VANGL2 physically associates with the integrin αvβ3 heterodimer possibly through direct binding of the integrin αv protein.
Discussion
Vertebrate VANGL2 is linked to a large number of processes at both the cellular and tissue levels [56] . However, it has often proven difficult to determine mechanistically how this transmembrane protein functions to elicit such a wide range of effects. This might be due in part to VANGL2 being a scaffolding-like protein whose function is to bind and thus bring together multiple proteins. In this study we have used a cell culture model system to interrogate VANGL2 function as it relates to cellular interactions with the ECM. Our previous data from this model identified a novel relationship between VANGL2 and the regulation of MMP2 enzymatic activity [29, 30, 34] . Significantly, these findings were also relevant to zebrafish Vangl2 function during embryonic development [21, 30] . Here we have extended our cell culture studies to determine how VANGL2 influences cell adhesion to ECM proteins and whether VANGL2-dependent regulation of MMP2 activation involves integrin αv.
VANGL2 interacts with integrin αv and MMP14 to control MMP2 activation
While VANGL2 protein is detected at both the plasma membrane and within intracellular vesicles [30] , it is thought to exert its effects at the cell surface. Here, we report that VANGL2-dependent regulation of MMP2 activation requires both integrin αv and MMP14. The requirement for MMP14 makes sense because this cell surface enzyme is the major activator of the secreted MMP2 zymogen. Multiple studies have also linked integrin αvβ3 with both the regulation of MMP14 and the activation of MMP2 [38] [39] [40] [41] [42] . In addition to its ability to bind these two MMPs, integrin αvβ3 was shown to cooperate with MMP14 during MMP2 pro-domain cleavage and activation [41] . Cell-ECM interactions mediated by integrin αvβ3 can also regulate MMP14 endocytosis and thus MMP2 activation [42] . Reciprocally, MMP14 cleavage of fibronectin was shown to promote integrin α5β1 endocytosis [35] . Thus, there is a complex interdependent relationship between MMP14, MMP2, and integrin function that we propose can be influenced by VANGL2 (Fig. 9 ). VANGL2 is a four pass transmembrane protein with short extracellular and intracellular loops and larger N-and C-terminal domains that extend into the cytoplasm [57] . Because of its structure, VANGL2 is unlike classical tetraspanin proteins noted for their large extracellular loop and short cytoplasmic domains [58] . However, it is interesting that similar to VANGL2, tetraspanins have been shown to bind certain integrins [59] and regulate the amount of cell surface MMP14 expression and MMP2 activation [60] . How does VANGL2 regulate MMP14 and subsequently MMP2 activation? From our previous work we know that VANGL2 knockdown HT-1080 cells have defective MMP14 endocytosis and increased activation of MMP2 [30] . Thus it is possible that through direct or indirect physical binding, VANGL2 promotes endocytosis of plasma membrane MMP14. While mechanistic details are lacking, increasing evidence suggests that VANGL2 functions as a regulator of endocytic protein trafficking. In addition to MMP14, VANGL2 was shown to promote endocytosis of Nand E-cadherins in a manner requiring the small GTPase Rab5 [61] . Our finding that integrin αv is necessary for the MMP2 activation phenotype of VANGL2 knockdown cells and the identification of integrin αvβ3 as a VANGL2 binding partner might also be suggestive of a mechanism to regulate MMP14. It is possible that integrin αv is directly required for MMP14-mediated MMP2 activation or that integrin αv-dependent cell-ECM adhesion is required to stabilize MMP14 at the cell surface. We show that VANGL2 influences the amount of integrin αvβ3 at the plasma membrane suggesting that it might regulate integrin endocytosis either directly or indirectly through effects on MMP activity and ECM degradation. It was shown that MMP14 could cleave the 125 kDa integrin αv heavy chain to produce a 115 kDa protein and promote adhesion to vitronectin [62, 63] . Our data do not support the notion that VANGL2 knockdown results in cleavage of cell surface integrin αv. It is perhaps notable that Scribble, another membrane associated polarity protein, was found to bind integrin α5 and control its plasma membrane trafficking [64] . Further data are needed to determine how VANGL2 might affect integrin αvβ3 localization and function. An attractive hypothesis is that VANGL2 regulates the ability of integrin αv to switch between functioning as an MMP2 activator and an ECM adhesion protein (Fig. 9 ).
VANGL2 functions as a regulator of cell adhesion to the ECM
The ability of PCP proteins to influence ECM structure was first demonstrated in frog where it was found that overexpression of Vangl2 (called Strabismus at that time), Prickle, or Frizzled7 disrupts the assembly of fibrillar fibronectin during gastrulation [65] . In this context, PCP protein overexpression caused fibril assembly to be disorganized and not localized correctly along the surface of the mesoderm. It was suggested that PCP proteins regulate polarized fibronectin deposition but the underlying molecular mechanism was not determined. In homozygous loop-tail/vangl2 mutant mice, it was demonstrated that fibronectin protein is reduced in the subepicardial space adjacent to Vangl2 expressing myocardium [66] ; however, it is unclear whether this phenotype is related to increased MMP activity. Our work showing that VANGL2 is capable of regulating MMP-dependent proteolysis suggests a mechanism whereby this PCP protein might influence both fibronectin assembly and cell-ECM adhesion. The concept that proteolytic cleavage of ECM proteins regulates cell-ECM adhesion has been documented in the literature [35, 36, 67] . Our data now show that indeed loss of human VANGL2 reduces cell adhesion to fibronectin, laminin, and vitronectin. A major cell surface receptor for these three ECM proteins is integrin αvβ3. Reduced cell-ECM adhesion in VANGL2 knockdown cells correlates with reduced cell surface integrin αv expression. However, it is unknown whether VANGL2 regulates integrin αv directly or indirectly through MMP14/MMP2 activity and cleavage of ECM proteins. Integrin signaling as indicated by SRC activation and paxillin phosphorylation remained largely unaffected after loss of VANGL2 function. In migrating cells, matrix cleavage by proteases must be coordinated with integrin-mediated cell adhesion [68, 69] . Cell migration speed and directional persistence are both affected by MMP proteolytic activity and its effect on matrix organization [68] . We propose that VANGL2 functions to inhibit or limit cell surface MMP14/MMP2 proteolytic activity and promote integrin-mediated cell-ECM adhesion (Fig. 9) .
How might these data be relevant to our understanding of PCP and embryonic cell migration? During zebrafish gastrulation, Vangl2 is proposed to regulate PCP in cells engaged in convergence and extension movements [11] . One of these movements is the directed migration of lateral ectodermal and mesodermal cells to the dorsal embryonic axis. As discussed above, our work has already shown that similar to the human protein, zebrafish Vangl2 controls Mmp activity and fibronectin assembly during gastrulation [21, 30] . Knockdown of the Vangl2 binding partner Prickle1a also produces zebrafish embryos with reduced fibronectin [21] . Furthermore, inhibition of Mmp14 expression causes an increase in fibronectin protein expression [21, 23] indicating that this ECM protein is an Mmp14/Mmp2 substrate in the zebrafish embryo. These data suggest that increased ECM protein cleavage and defective cell-ECM interactions are responsible for at least part of the vangl2/trilobite mutant phenotype. From work on the frog gastrula we know that proper integrin-fibronectin interactions are required to support formation of polarized membrane protrusions [17] . Disruption of the balance between MMP-mediated ECM cleavage and cell-ECM adhesion would likely impact the formation and/or polarity of membrane protrusions required for directed cell migration. Indeed, we know that loss of Vangl2 function causes gastrula cells to migrate along indirect trajectories, a phenotype consistent with improper membrane protrusive activity. We propose that the ability of Vangl2 to influence cell-ECM adhesion provides a mechanism to regulate polarized cell behaviors underlying the directed migration of zebrafish gastrula cells. Regarding the potential role of VANGL2 during tumor cell migration and invasion, our previous and current data suggest an inhibitory role for VANGL2 expression. Loss of VANGL2 function however would support MMP2-dependent tumor cell invasion through the ECM [29, 30, 34] . Published data suggest that VANGL2 might also suppress the growth of certain types of tumors [70, 71] . Interestingly, increased expression of the VANGL2 homologue VANGL1 has been linked to tumor progression and increased malignancy [72, 73] . While both VANGL2 and VANGL1 regulate neural tube closure [74] , only VANGL2 is required for PCP during zebrafish gastrulation [75] . Clearly, much remains to be learned about these transmembrane proteins and their functions during embryonic development and cancer progression.
